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Abstract
Repeated cocaine administration induces many long-term structural and molecular changes 
in the dorsal medial prefrontal cortex (dmPFC) and are known to underlie aspects of cocaine-
seeking behavior. DNA methylation is a key long-lasting epigenetic determinant of gene 
expression and is implicated in neuroplasticity, however, the extent to which this epigenetic 
modification is involved in the neuroplasticity associated with drug addiction has received limited 
attention. Here, we examine the relation between DNA methylation and gene expression within 
the dorsal medial prefrontal cortex (dmPFC) following limited cocaine self-administration (1h/ 
day), prolonged cocaine self-administration (6h/ day), and saline self-administration (1h/ day). 
Rats were fitted with intravenous catheters and allowed to lever press for saline or cocaine (0.25 
mg/ kg/ 0.1 mL infusion) in the different access conditions for 20 days. Prolonged-access rats 
exhibited escalation in cocaine intake over the course of training, while limited-access rats did not 
escalate cocaine intake. Additionally, limited-access and prolonged-access rats exhibited unique 
Homer2 epigenetic profiles and mRNA expression. In prolonged-access rats, Homer2 mRNA 
levels in the dmPFC were increased, which was accompanied by decreased DNA methylation and 
p300 binding within the Homer2 promoter. Limited-access animals exhibited decreased DNA 
methylation, decreased DNA hydroxymethylation, and increased p300 binding within the Homer2 
promoter. These data indicate that distinct epigenetic profiles are induced by limited- versus 
prolonged-access self-administration conditions that contribute to transcriptional profiles and lend 
support to the notion that covalent modification of DNA is implicated in addiction-like changes in 
cocaine-seeking behavior.
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1.0 Introduction
Cocaine addiction is a chronic disorder involving periods of cocaine binging that escalate 
over time (Dackis and O'Brien, 2001). Similar to the observation that increased drug use leads to 
more severe consequences in human drug addicts, rats allowed prolonged-access to cocaine 
exhibit distinct behavioral profiles from rats allowed more limited-access. For instance, 
prolonged (6h/day), but not limited (1h/day), daily access to cocaine leads to an escalation (i.e. a 
progressive increase) of cocaine-taking across days (Ahmed & Koob, 1998), greater increases in 
the motivation to seek cocaine during progressive ratio tests (Paterson & Markou, 2003), 
increased cue-induced and cocaine-primed reinstatement of cocaine-seeking following extinction 
(Kippin et al., 2006), and resistance to punishment-induced suppression of cocaine-taking 
(Ducret et al., 2016). Moreover, prolonged-access, but not limited-access, induces an enduring 
reduction in brain reward function as evidenced by increased brain self-stimulation reward 
thresholds (Ahmed, Kenny, Koob, & Markou, 2002). These various features indicate that 
prolonged daily access to cocaine induces a more “addiction-like” phenotype compared to more 
restricted access (Ahmed, 2012; Edwards & Koob, 2013). 
Dorsal regions of the prefrontal cortex (e.g., the anterior cingulate cortex and dorsal 
prelimbic cortex; here after dmPFC) are implicated in aspects of addiction-like alterations 
induced by prolonged cocaine access, with emerging data supporting a role for altered glutamate 
signaling in escalated drug-taking. DmPFC function is critical for an increase in breakpoints 
observed in during progressive ratio testing of cocaine reinforcement, as exampled by lesion of 
the dmPFC (Smith et al., 2008). Additionally, prolonged-access, but not limited-access to 
cocaine, increases mRNA expression of several glutamate-related signaling molecules, including 
the glutamate receptor related scaffolding protein, Homer2 within the dmPFC (Ploense et al,  
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2017), and time-dependent increases in several glutamate-related protein levels within the 
dmPFC (Ben Shahar et al., 2009). Increased expression of Homer2a/b protein within the mPFC 
has also been observed during abstinence in rats allowed daily prolonged (6h)-access to cocaine 
(Ben-Shahar et al., 2009). Moreover, Homer2b mRNA overexpression in the mPFC has been 
shown to increase basal glutamate levels and conditioned place-preference behavior in mice, 
while Homer2b mRNA knockdown resulted in reduced basal glutamate within the dmPFC (Ary 
et al., 2013). Recent developments in the understanding of the regulation of gene expression 
suggest that epigenetic mechanisms are involved in the neural plasticity induced by exposure to 
cocaine (Freeman et al., 2010), and provide likely candidates for the long-term maintenance of 
cocaine-induced alterations in gene expression. 
Epigenetic mechanisms involve a number of substrates, including modifications directly 
on DNA such as addition of methyl or hydroxymethyl groups. In mammals, DNA methylation is 
primarily produced by the addition of a methyl group (-CH3) to cytosine (5mC) in regions 
referred to as CpG dinucleotides (Sweatt et al., 2013). DNA methylation often interferes with the 
binding of transcription factors to the DNA which can in turn repress or activate gene expression 
depending on whether the sequence is recognized by a transcriptional repressor or activator 
(Sweatt et al., 2013). DNA hydroxymethylation (5hmC) is another covalent modification that is 
highly prevalent in the mammalian brain (10-20% of total 5mC levels) and has distinctive 
interactions with transcription factors (Globisch et al., 2010). 5mC and 5hmC are functionally 
distinct with the transition to an open chromatin state associated with the conversion of 5mC to 
5hmC via ten-eleven translocation proteins 1 and 3 (Tet1 and Tet3 respectively). Tet1 and Tet3 
serve to oxidize methylated DNA into 5hmC (Ito et al., 2010; Wu and Zhang, 2011) and are 
expressed at higher levels in the PFC than in other tissues (Rudenko et al., 2013; Szwagierczak et 
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al., 2010). Additionally, Tet proteins further convert 5hmC to 5-formylcytosine (5-fC), then 5-fC 
to 5-carboxylcytosine (5-caC), then 5-caC back into unmodified cytosine (Wu & Zhang, 2017) to 
complete the cycle.
Recent studies have demonstrated global and site-specific alterations in DNA methylation 
in the PFC after experimenter-administered cocaine (Pol Bodetto et al., 2013; Tian et al., 2012) 
and methamphetamine (Numachi et al., 2004), as well as following cocaine self-administration 
(Baker-Andresen et al., 2015; Massart et al., 2015; Nielsen et al., 2012; Wright et al., 2015). 
However, no studies to date have examined the impact of cocaine on 5hmC or the specific 
impact of prolonged access to cocaine self-administration on either form of DNA modifications 
in the dmPFC of rats. Additionally, rats trained to self-administer cocaine for 6 h per day 
exhibited a wide range of changes in 5mC levels within the NAC after 1 and 30 days of forced 
abstinence, which were associated with decreases in mRNA expression (Massart et al., 2015). 
Furthermore, potentiation of DNA methylation via DNA methyl transferases (DNMTs) or 
methyl-donors (i.e. SAM or MET) affect both cocaine-related behaviors. Repeated SAM 
pretreatment before daily cocaine injection has been shown to increase global DNA methylation 
and potentiate cocaine-induced locomotor sensitization (Anier et al., 2013). However, MET 
supplementation before daily cocaine self-administration attenuates cocaine locomotor 
sensitization and reduces cocaine-induced reinstatement responding after extinction (Wright et 
al., 2015). The discrepancies between observed locomotor behavior in these two studies signifies 
a distinct role for contingent cocaine administration regarding the function of DNA methylation. 
Indeed, previous studies have also shown context specific changes in epigenetic markers based 
on the timing of drug injection in relation to the presentation of Pavlovian conditioning (Ploense 
et al., 2013). Lastly, inhibition of Tet proteins in the hippocampus has been demonstrated to 
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inhibit fear-extinction learning (Li et al., 2014), and to attenuate the retrieval of cocaine-
associated memories (Liu et al., 2017) indicating that 5mC conversion to 5hmC is involved in 
learning and memory retrieval processes.
Accordingly, the present study sought to determine changes covalent modifications to 
DNA associated with mRNA changes in dmPFC Homer2. We chose to investigate the Homer2 
gene because, as a glutamate receptor scaffolding protein, it is widely implicated in addiction 
processes (see e.g. Ary et al., 2013; Gould et al., 2015; Szumlinski et al., 2004 ; and for reviews 
see Szumlinski et al., 2008; Szumlinski and Shin, 2018; Kalivas et al., 2003; Kalivas et al., 2004)    
and we have recently reported increased mRNA expression of the glutamate receptor scaffolding 
gene Homer2 within the dmPFC following prolonged-, but not limited-, access to cocaine self-
administration (Ploense et al., 2018). Here, we specifically examine methylated and hydroxyl-
methylated cytosine and binding of the transcriptional corepressor/modulator p300, in relation to 
mRNA expression of Homer2 within the dmPFC following repeated access to cocaine under 
limited or prolonged conditions or access to saline. Together, these endpoints describe a novel 
differentiation between the epigenetic states associated with stable versus escalating cocaine 
intake. 
2.0 Materials and methods
2.1 Subjects
Male Sprague-Dawley rats (250-300 g) were pair-housed in a reverse light:dark (12h:12h, 
lights off at 8 am) cycle room with ad-libitum access to food and water. The housing and care of 
the rats followed the guidelines set forth by the “Guide for the Care and Use of Laboratory Rats, 
8th Edition” (IACUC, 2011).
2.2 Surgery
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Rats were deeply anesthetized using 60 mg/kg ketamine and 10 mg/kg of xylazine 
intramuscularly and implanted with chronic indwelling catheters constructed with a bent steel 
cannula with a screw-type connector (Plastics One, Roanoke, VA), SILASTIC tubing (11 cm, 
i.d. 0.64 mm, o.d. 1.19 mm, Dow Corning, Midland, MI), Prolite polypropylene monofilament 
mesh (Atrium Medical Corporation, Hudson, NH), methyl methacrylate cement, and a silicon 
ball 2.5 cm from the end used to secure the catheter to the vein. The catheters were then 
maintained, as reported previously (Ploense et al., 2017) and tested once weekly with 2.0 mg of 
Methohexital Sodium (Brockton, MA). 
2.3 Behavioral Training
Food-training and cocaine self-administration utilized standard operant chambers (Med 
Associates Inc., St. Albans, VT, USA) and was conducted during the dark cycle, commencing at 
0800 h each day. Before surgical implantation of the jugular catheters, the rats were restricted to 
20 g of food daily and trained on a fixed ratio 1 (FR1) schedule of food reinforcement for two 
16-h training sessions, during which each right lever-press was associated with the delivery of a 
45 mg food pellet. After recovery from the surgery, the rats were placed on a fixed ratio 1 (FR1) 
reinforcement schedule, with a 20-s time-out, signaled by the activation of the cue light above 
the lever for initial cocaine and saline training. The initial training sessions lasted 1 h per day for 
the first 5 days with either cocaine or saline infusions available as reinforcers. Each “active” 
lever depression (right lever) was associated with a 4-s infusion of vehicle (0.1 mL saline) or 
cocaine (0.25 mg/ 0.1 mL); “inactive” lever depression (left lever) resulted in no infusion or 
stimulus; the cocaine dose was selected for its ability to support strong reinforcement, vigorous 
responding, and robust escalation based on findings from (Wee et al., 2007). On the 6th day, the 
rats receiving cocaine were divided into groups that continued to self-administer cocaine under 
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the same schedule of reinforcement during either limited (1 h) or prolonged (6 h) access sessions 
for an additional 15 days. Rats self-administering saline continued under 1-h access for 15 days. 
2.4 Tissue collection and preparation
The day after the final the last self-administration session (when the start of the next 
session would normally occur), rats were sacrificed via rapid decapitation and their brains were 
dissected over ice into 1 mm sections with a metal brain mold (Braintree Scientific, Braintree, 
MA). The dmPFC was dissected out at 2.74 to 3.24 to mm anterior to Bregma (Figure 2A), 
placed in a 0.5 mL microcentrifuge tube, frozen on dry ice, and stored at -80 °C. For molecular 
analyses, the frozen dmPFC was added to 600 µL of buffer RLT (Qiagen, 79216) and 
homogenized with the Qiagen TissueRuptor for 30 s. DNA and mRNA were then extracted by 
the AllPrep DNA/RNA/protein extraction kit (Qiagen, 80004#) in accordance to the 
manufacturer’s protocol. RNA was eluted from the spin column with 50 µL of nuclease-free 
water. DNA was eluted from the spin column with 100 uL of 8 mM NaOH heated to 70 °C, and 
the pH was then neutralized with 12 µL of 0.1 M HEPES and 1.1 µL of 100 mM EDTA. 
2.5 Gene expression analysis
RNA (500 ng) from each sample was reverse transcribed according to the manufacturer’s 
protocol (Qiagen, 205311), except that samples were incubated with genomic DNA wipeout 
buffer in an Eppendorf MasterCycler at 42 °C for 18 minutes, then incubated at 95 °C for 3 min 
to inactivate the reverse transcriptase. A reverse transcriptase-negative reaction was carried out 
in parallel with the samples from 500 ng of pooled sample RNA. In preliminary analyses, 6 
reference genes were run against Homer2 to assess stability. The 3 most stable reference genes, 
Gapdh, Actβ, and Tubb3 were used as controls for normalization (Table 1). Levels of cDNA for 
Homer 2 (Table 1) were assessed in triplicate using quantitative real time PCR (qRT-PCR) on a 
ACCEPTED MANUSCRIPT
BioRad CFX96 Touch Real-Time system (Biorad, Richmond, CA). The reaction mixtures were 
optimized for each gene and are located in Table 1. Negative controls consisted of a Sybrgreen 
and primer-only sample and a reverse-transcriptase free sample. Standard curves were run on 
each pcr plate with 3x serial dilutions ranging from 50.0 ng/uL to 1.85 ng/uL. The data were 
normalized using the equations outlined by Hellemans et al. in 2007. (Hellemans et al., 2007).
MeDip and hMeDIP-qPCR
Extracted DNA (1 µg) was fragmented to 200-600 bp fragments by Covaris S2 system 
under the following conditions: duty cycle = 5%, intensity = 3, cycles/burst = 200, time = 45 s, 
cycles = 6, temperature = 7 ºC. The size of the DNA fragments were confirmed through the 
BioRad Experion 1K DNA chip. To isolate 5mC or 5hmC, the fragmented DNA then underwent 
methylated DNA immunoprecipitation (MeDIP) with a 5-methylcytosine antibody or a 5-
hydroxymethylcytosine antibody and protein G magnetic beads according to the manufacturer’s 
protocol (Active Motif, 55009 & 55010) and then subjected to qPCR with the BioRad CFX96 
thermocycler (Table 1). The normalized values were calculated by ΔΔCT with input controls as a 
reference and the average value of saline controls for normalization. 
2.6 Chromatin immunoprecipitation (ChIP)
Frozen dmPFC punches were added to 550 μL of ice-cold phosphate buffer solution in 
water (PBS) in a glass douncer, and “dounced” until the tissue was fully homogenized, then 
moved to a 2.0 mL MCT over ice. Separate samples of yeast were simultaneously resuspended in 
500 µL of ice-cold PBS. Then, 31.25 µL of 16% formaldehyde in methanol (Thermoscientific, 
NC9658705) was added to each experimental and yeast sample and incubated at RT with end to 
end rotation for 5 min. 25 µL of 2.5 M glycine was added to each tube and incubated at RT with 
end to end rotation for 10 min to stop the reaction. Samples were centrifuged at maximum speed 
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for 1 min at 4 °C. Each sample was subsequently washed twice with 500 µL of ice-cold PBS and 
centrifuged at maximum speed for 1 min at 4 °C. After washing, 500 µL of SDS lysis buffer (5 
mL SDS, 1 mL 0.5 M EDTA, 2.5 mL 1 M Tris HCl pH 8.0, 41.5 mL water) with protease 
inhibitor cocktail was added to experimental samples and yeast samples, and both were 
incubated over ice for 10 min. Each yeast sample (500 µL) was added to the experimental 
samples followed by 10 times of pipetting. Each sample was fragmented down to 500 bp by 
Covaris M220 system (75 W peak intensity power; 200 cycle per burst; 25 min; in a 6 ºC water 
bath). The ChIP experiment was performed with an antibody against p300 and used magnetic 
protein dynabeads following the manufacturer’s protocol (Life technology, 10004D).  
2.7 Statistics and Graphing
All statistics were completed using Prism 6 statistical software. Cocaine intake, active 
presses, and inactive presses were assessed via separate two-way repeated measures ANOVAs 
followed by Dunnett’s post-hoc tests to compare lever responding at different timepoints with 
baseline responding (i.e. the mean of days 6, 7, and 8 of differential access) within treatments 
and Tukey’s post-hoc tests to compare differences between treatments. The mean lever 
responding between active and inactive levers was also assessed via a two-way ANOVA 
followed by Sidak’s multiple comparison test. Lastly, qPCR results were analyzed with one-way 
ANOVAs, followed by Tukey’s post-hoc tests to compare treatment conditions. 
3.0 Results
3.1 Cocaine self-administration behavior escalates in prolonged, but not limited, access rats
Rats in the prolonged-access condition exhibited an increase in cocaine consumption over 
time, whereas limited-access rats maintained steady cocaine consumption (Figure 1A), 
replicating previous reports (Ben-Shahar et al., 2004; Ben-Shahar et al., 2012). A two-way 
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ANOVA on total cocaine infusions during differential access by day yielded significant main 
effects of time (F15, 690 = 7.835, p < 0.0001), treatment (F2, 46 = 359, p < 0.0001), and a time x 
treatment interaction (F30, 690 = 5.49, p < 0.0001). Dunnett’s post-hoc analysis of time revealed an 
increase in cocaine consumption from day 10 until day 20 in the prolonged-access condition, but 
no increases were observed in the limited-access or saline-access conditions compared to 
baseline (Figure 1A). In addition, Tukey’s posthoc analysis revealed significant differences 
between all treatments; limited, prolonged, and saline access conditions were all different from 
each other (p < 0.01, Figure 1A).
Rats allowed prolonged cocaine-access exhibited an increase in active lever-pressing over 
time (Figure 1B), but no change in inactive lever-pressing (Figure 1C). A two-way ANOVA on 
total active lever depressions by day during differential access yielded significant main effects of 
time (F15, 675 =1.922, p < 0.05), treatment (F2, 45 = 164.3, p < 0.0001), and a time x treatment 
interaction (F30, 675 = 2.357, p < 0.0001). Dunnett’s post-hoc analysis of time revealed an increase 
in active lever depressions in on days 13, 14, 15, and 18 in the prolonged access condition, but 
there were no observed increases in the limited access or saline access conditions when 
compared to baseline (Figure 1B). In addition, Tukey’s posthoc analysis revealed significant 
differences between all treatments for active lever presses; limited, prolonged, and saline access 
conditions were all different from each other (p < 0.05, Figure 1B). For inactive lever-pressing, 
all comparisons failed to reach statistical significance (all F < 1.0, all p > 0.10; Figure 1C). 
Lastly, rats in limited access and prolonged access conditions exhibited significantly 
higher lever pressing on the active lever than on the inactive lever during the course of self-
administration (Figure 1D). A two-way ANOVA of treatment by lever type yielded significant 
main effects of treatment (F2, 81 = 120, p < 0.0001), lever type (F1, 81 = 258.8, p < 0.0001), and an 
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interaction between treatment and lever type (F2, 81 = 126.2, p < 0.0001). Sidak’s posthoc 
analysis revealed significant differences between all treatment types (prolonged, limited, and 
saline access) on the active lever, but not on the inactive lever (Figure 1D). Sidak’s posthoc 
analysis also revealed significant differences within treatment types between active and inactive 
levers for the prolonged and limited access conditions (Figure 1D). 
3.2 Prolonged-access cocaine self-administration elevates the expression and induces a 
unique epigenetic state on the promoter of Homer2.
Given prior studies implicating Homer2 proteins in addiction neurobiology (Ary et al., 
2013), expression levels of this gene were determined at 1 day following the last self-
administration session, which revealed elevated mRNA following prolonged-access to cocaine 
relative to all other groups (Figure 2B). A one-way ANOVA of Homer2 mRNA expression 
resulted in a significant main effect of treatment (F2,39 = 4.066, p < 0.05). A post-hoc Tukey’s 
analysis revealed greater mRNA in the prolonged-access rats relative to the saline control rats (p 
< 0.05). However, mRNA did not differ between limited-access and saline controls (p > 0.05). 
Thus, Homer2 expression is only elevated by prolonged access to cocaine. 
Next, we sought to determine the epigenetic states associated with the increased Homer2 
expression observed following prolonged cocaine-access. First, we examined 5mC and 5hMC 
surrounding the Homer2 promoter using MeDIP preparations followed by qPCR. For 5mC, there 
was a significant main effect of treatment (F2, 14 = 9.102, p < 0.005) and Tukey’s post-hoc 
analysis revealed lower DNA methylation in both the limited and prolonged access conditions, 
relative to saline controls (ps < 0.05, Figure 2C). Conversely, for 5hmC, there was a significant 
main effect of treatment (F2, 11 = 4.834, p < 0.05). However, Tukey’s post-hoc analysis revealed 
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decreased 5hmC the limited-access, compared to the prolonged-access, conditions (p < 0.05, 
Figure 2D).
Lastly, given the role of the histone acetyltransferase p300 as a transcriptional 
corepressor (Yoshimochi et al., 2010), we examined its binding to the Homer2 promoter 
following self-administration by employing ChIP preparations, followed by qPCR. One-way 
ANOVA revealed a significant main effect of treatment on p300 occupancy at the Homer2 
promoter (F2,15 = 4.110, p < 0.05) and Tukey’s post-hoc analysis revealed increased p300 
occupancy in limited-access rats, relative to both saline controls and prolonged-access rats (p < 
0.05, Figure 2E). These data demonstrate a unique epigenetic profile for each condition, which 
sets a framework for understanding the differential effect of limited versus prolonged cocaine-
access on gene expression in the dmPFC. 
4.0 Discussion
Based on evidence that PFC exhibits enduring functional abnormalities in human addicts, 
as well as animal models involving high cocaine intake (George and Koob, 2010; Goldstein and 
Volkow, 2002), we hypothesized that cocaine-induced changes in dmPFC function are mediated 
by alterations in the epigenetic machinery, which regulates gene expression. Here, we report 
using a rat model of cocaine self-administration to demonstrate that prolonged cocaine-access 
induces a distinct epigenetic state at the Homer2 promoter, which is associated with elevation of 
Homer2 mRNA. In contrast, limited cocaine-access induces a different epigenetic state, which is 
not associated with altered mRNA expression. 
Here, it is demonstrated that a unique epigenetic and transcriptional pattern in the dmPFC 
of rats exhibiting escalation of cocaine intake following prolonged cocaine-access (Figure 2). 
Specifically, the dmPFC from the prolonged-access condition exhibited enhanced Homer2 
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mRNA expression and reduced levels of 5mC (Figure 2), whereas the limited-access condition 
expressed basal mRNA (as defined by the saline control), reduced 5mC, and reduced 5hmC, but 
increased p300 binding in the Homer2 promoter (Figure 2F). Functionally, there is extensive 
evidence supporting the notion that DNA methylation hinders transcription factor binding to the 
DNA promoter (Sweatt et al., 2013). Thus, the relatively low levels of 5mC in the prolonged-
access versus saline condition (Figure 2C) is a likely mediator of the increase in Homer2 mRNA 
observed in prolonged access animals (Figure 2B). 
The observation that the relations between 5hmC, but not 5mC, is distinct between 
limited- and prolonged-access conditions has multiple potential underpinnings.  This pattern 
suggests that cocaine intake produces an initial de-methylation of the Homer2 promoter (likely 
mediated by Tet enzymes), as it was observed in both prolonged- and limited-access conditions 
(Figure 2C). However, cocaine intake in the limited-access condition is further associated with 
lower levels of DNA methylation, than in the prolonged-access condition, as well as a decrease 
of 5hmC within the Homer2 promoter. These findings suggest greater Tet1 or Tet3 function in 
the limited-access versus prolonged-access rats (Figure 2D). Only one study has investigated the 
role of Tet enzymes in a rodent model of cocaine addiction. The authors demonstrated that 
repeated cocaine injections reduced Tet1 activity in the NAC, while Tet1 knockdown within the 
NAC increased cocaine-conditioned place-preference (Feng et al., 2015).  However, since Feng 
et al. were not testing Tet1 function in a self-administration model of cocaine addiction, it is 
difficult to compare directly between studies, as changes in levels of TET enzymes are context- 
dependent (Søvik et al., 2018). Therefore, further investigation is required to elucidate the 
functional status of Tet enzymes under different cocaine self-administration procedures. 
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In addition to differences in 5mC and 5hmC distribution, limited-access rats are distinct 
from prolonged-access rats with regards to p300 binding of the Homer2 promoter; p300 binding 
to the Homer2 promoter is elevated in the limited-access condition relative to both the saline and 
prolonged-access conditions (Figure 2E). This can be partially explained by differences in 5hmC 
levels within the Homer2 promoter, as 5hmC can affect gene transcription through binding of 
CFP1 and H3K4me3 (Wu & Zhang, 2011). Further, although p300/CBP associated factor (PCAF) 
can be a transcriptional coactivator (Wei et al., 2012), it has recently been shown to function also 
as a transcriptional corepressor (Yoshimochi et al., 2010). p300 and CREB-binding protein 
(CBP) form a complex, PCAF, to recruit the transcriptional corepressor ATF4 to the promoter of 
the immediate early gene zif268 (Wei et al., 2012). This mechanism provides a second 
explanation for the difference in transcriptional states of limited- versus prolonged-access 
conditions. 
In contrast to changes observed in the prolonged-access condition, limited cocaine-access 
did not alter Homer2 mRNA, relative to saline controls. However limited cocaine-access reduced 
both 5mC and 5hmC, while increasing p300 binding in the Homer2 promoter (Figure 2). In the 
limited-access condition, the lack of increased Homer2 mRNA expression might relate to the 
concurrent decease in 5mc and 5hmC, which may in turn have reduced the recruitment of zinc 
finger proteins, containing CFP1 within the promoter, and in turn increased binding of the 
repressive transcription factor p300 (see Figure 2F). 
Given that Homer2 protein serves to scaffold mGluRs (as well as other proteins), the 
effects on DNA methylation observed here may form the basis for alterations in many proteins 
associated with excitatory receptor complexes over the course of abstinence. Homer2a/b protein 
levels in the mPFC are reported to increase in a time-dependent manner following prolonged-
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access, becoming evident by 14 days of abstinence (Ben-Shahar et al., 2009). Such results argue 
that the change in epigenetic markings on the Homer2 promoter and increased Homer2 mRNA 
precede a progressive accumulation of Homer2 protein that emerges during protracted 
abstinence. Additionally, mGluR1 and mGluR5 proteins are elevated in the dmPFC during 
cocaine-reinforced responding during early (3 days) abstinence (Ben-Shahar et al., 2013), while  
AMPA/ NMDA receptor currents induced by the presentation of cocaine-relevant cues are 
increased in this region around this time (Gipson et al., 2013). The present findings indicating 
distinct epigenetic profiles and increased Homer2 mRNA produced by prolonged cocaine-access 
may underlie previously reported deficits in the PFC neurocircuitry purported to underpin drug-
seeking behavior and relapse during drug abstinence (Kalivas, 2008).
In conclusion, our data indicate that gene-specific changes in DNA methylation, DNA 
hydroxymethylation, and p300 activity within the dmPFC is associated with prolonged cocaine 
self-administration. Importantly, extended cocaine-access, which is accompanied by an 
“addicted-like behavioral profile” (Ahmed and Koob, 1998; Grimm et al., 2001), induces 
epigenetic modifications within the promoter of the Homer2 gene, which are distinct from those 
that occur under limited-access conditions. Also, of critical relevance to understanding the 
neurobiological bases of addiction, addicts report drug cravings that are not only highly enduring 
but also appear to intensify with the passage of time during drug abstinence (Gawin and Kleber, 
1986; Li et al., 2015; Venniro et al., 2016). Accordingly, determination of the molecular status of 
long and short-term regulators of gene expression, across not only different cocaine histories, but 
also withdrawal periods, will be necessary to develop a fuller understanding of the epigenetic 
basis of addiction. 
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Figure 1: Cocaine seeking and taking escalate during prolonged access. A) Total cocaine infusions 
(0.25mg/kg/infusion). Prolonged-access (6h) rats exhibited an escalation in cocaine consumption from 
day 10 to day 20 of differential cocaine access compared to baseline (* p < 0.05). B) Total active lever 
presses. Prolonged-access rats exhibited an escalation in active lever responding during differential 
cocaine access on days 13, 14, 15, and 18 of the experiment compared to baseline (* p < 0.05) C) Total 
inactive lever presses. Neither saline, limited-access, nor prolonged-access rats exhibited increases in 
inactive lever responding at any point during the experiment. D) Responses on active and inactive levers. 
Both limited- and prolonged-access rats exhibited substantially more lever depressions on the active vs 
inactive lever (*** p < 0.005).       
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Figure 2: Impact of cocaine intake on Homer2 transcriptional and 
epigenetic states. A) dmPFC dissection of the rat brain. The brain 
was dissected horizontally between bregma +3.24 and bregma +2.74 
(Paxinos & Watson, 2006). A triangular dissection was made to 
include the anterior cingulate and prelimbic cortices (dmPFC) B) 
Relative Homer2 mRNA expression in the dmPFC. Homer2 mRNA 
levels were elevated in the 6h access condition relative to controls (* 
p < 0.05). C) 5-methylcytosine expression in Homer2 promoter. 
DNA methylation within the Homer2 promoter was reduced in both 
the 1h and 6h conditions relative to saline controls (* p < 0.05). D) 5-
hydroxy-methylcytosine expression in Homer2 promoter. DNA 
hydroxymethylation within the Homer2 promoter was reduced in 1h 
relative to 6h rats (* p < 0.05). E) p300 binding inHomer2 promoter. 
ChIP for the p300 transcription factor revealed increased p300 
transcription factor binding in 1h relative to 6h and saline rats (* p < 
0.05). F) Theoretical schematic of Homer2 data. F
i
) Excessive 5mC 
accumulation in the saline rats results in basal mRNA transcription 
F
ii
) Reduced 5hmC and increased p300 binding in the limited access 
rats results in basal mRNA transcription F
iii
) Low 5mC and increased 
5hmC (compared to limited access) in prolonged access rats creates 
an open transcriptional state that enhances Homer2 mRNA 
transcription. Abbreviations) dmPFC = dorsal medial prefrontal 
cortex; Cg1 = anterior cingulate cortex; PL = prelimbic cortex; vmPFC 
= ventral medial prefrontal cortex; IL = infralimbic cortex; MBD = 
methyl-binding domain protein; TF = Transcription factor; p300 = 
E1A-associated cellular p300 transcriptional co-activator protein.
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Highlights:
 Rats escalated cocaine use when allowed 6 h of daily self-administration
 Rats did not escalate cocaine use when allowed 1 h of daily self-administration
 After 6 h of cocaine self-administration, rats exhibited the following epigenetic changes 
in the dorsal medial prefrontal cortex:
o Enhanced Homer2 mRNA expression
o Decreased DNA methylation in the Homer2 promoter
o Increased DNA hydroxymethylation in the Homer2 promoter in comparison to 
rats given 1 h of access to cocaine.
 After 1 h of cocaine self-administration, rats exhibited the following epigenetic changes 
in the dorsal medial prefrontal cortex:
o Decreased DNA methylation in the Homer2 promoter
o Decreased DNA hydroxymethylation in the Homer2 promoter
o Increased p300 binding in the Homer2 promoter
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Target Accession 
Number
Forward (5'->3') Reverse (5'->3') Amplic
on 
Length 
(bp)
Anneali
ng 
Temp
Primer 
Concentra
tion
HOME
R2 
mRNA
NM_0533
09 
GAGTGCTGCCAATGT
GAAGA
TTGATCTCACCGCACT
GTTC
195 61C 30nM
GAPDH 
mRNA
NM_0170
08.4
AGAACATCATCCCTG
CATCC
AGGAGACAACCTGGT
CCTCA
240 61C 20nM
βACTI
N 
mRNA
NM_0311
44
TGTCACCAACTGGGA
CGATA
GGGGTGTTGAAGGTC
TCAAA
165 63C 20nM
TUBB5 
mRNA
NM_1392
54
TGAGGCCTCCTCTCAC
AAGT
TGCAGGCAGTCACAA
TTCTC
237 62C 20nM
HOME
R2 
Promo
ter 
DNA
NC_00510
0.3
GGCTGCTCCTTTGTCT
GACT
GGGCGGATTAGAAGT
CCAGG
166 60C 5nM
Table 1: Primer concentrations, size, and run conditions for qPCR experiments. 
Table 1: Primer concentrations, size, and run conditions for qPCR experiments. 
